Staphylococcus epidermidis is an opportunistic pathogen and, due to its ability to establish biofilms, is a leading causative agent of indwelling medical device-associated infection. The presence of high amounts of dormant bacteria is a hallmark of biofilms, making them more tolerant to antimicrobials and to the host immune response. We observed that S. epidermidis biofilms grown in excess glucose accumulated high amounts of viable but non-culturable (VBNC) bacteria, as assessed by their low ratio of culturable bacteria over the number of viable bacteria. This effect, which was a consequence of the accumulation of acidic compounds due to glucose metabolism, was counteracted by high extracellular levels of calcium and magnesium added to the culture medium allowing modulation of the proportions of VBNC bacteria within S. epidermidis biofilms. Using bacterial inocula obtained from biofilms with high and low proportions of VBNC bacteria, their stimulatory effect on murine macrophages was evaluated in vitro and in vivo. The inoculum enriched in VBNC bacteria induced in vitro a lower production of tumour necrosis factor alpha, interleukin-1 and interleukin-6 by bone-marrow-derived murine macrophages and, in vivo, a lower stimulatory effect on peritoneal macrophages, assessed by increased surface expression of Gr1 and major histocompatibility complex class II molecules. Overall, these results show that environmental conditions, such as pH and extracellular levels of calcium and magnesium, can induce dormancy in S. epidermidis biofilms. Moreover, they show that bacterial suspensions enriched in dormant cells are less inflammatory, suggesting that dormancy can contribute to the immune evasion of biofilms.
INTRODUCTION
Staphylococcus epidermidis is among the most frequent opportunistic pathogens causing nosocomial infections and is the leading causative agent of medical deviceassociated infections (Vuong & Otto, 2002) . The ability to establish biofilms -multilayered bacterial communities stabilized by intercellular adhesive mechanisms (Costerton et al., 1999; O'Toole et al., 2000) -has been considered the most important virulence factor of S. epidermidis (Costerton et al., 2003; Fux et al., 2005) . Typical biofilm disease manifests with common features. Usually, the initial infection is not life threatening, but subsequent exacerbations may occur and often require the surgical removal of the infected tissue or medical device (Wolcott & Ehrlich, 2008) . Biofilms have a particular physiology, such as higher frequencies of dormant bacteria, that accounts for their ability to cause recalcitrant human infections (Lewis, 2007) . The reversible state of low metabolic activity in which dormant bacteria can persist for extended periods without division is considered their principal characteristic contributing to survival within infected hosts or tolerance to antimicrobials (Brown et al., 1988; Qu et al., 2010; Yao et al., 2005) . In the present study we show that dormancy in established S. epidermidis biofilms can be modulated by glucose, calcium and magnesium levels. The possibility of modulating the proportions of dormant bacteria within biofilms allowed us to compare their inflammatory potential in vitro, in cultured murine macrophages, and in vivo, in peritoneal macrophages upon injection of biofilm cells.
METHODS
S. epidermidis biofilm cultures. The biofilm-forming strain S. epidermidis 9142 (Cerca et al., 2004) was used in this study. Tryptic soy broth (TSB; Merck) and tryptic soy agar (TSA; Merck) were prepared according to the manufacturer's instructions. S. epidermidis 9142 grown on TSA plates was used to inoculate 50 ml TSB subsequently incubated at 37 uC in a shaker rotator at 80 r.p.m. for 18 h. Cells were then harvested by centrifugation (10 min at 10 500 g at 4 uC), resuspended in PBS and the optical density at 640 nm was adjusted to 0.250 (±0.05). Then, 10 ml of this bacterial suspension was transferred to a well of a polystyrene plate (Nunc) containing 1 ml TSB supplemented with 0.3 % (w/v) glucose (Merck) (TSB 0.3 %G), and incubated in a shaker rotator at 37 uC and 80 r.p.m. for 24 h so a biofilm could be established (Mack et al., 1992 ). The culture medium was then removed, and biofilms were allowed to grow for a further 24 h in: TSB, TSB supplemented with 10 mM calcium chloride (Sigma) and 10 mM magnesium chloride (Sigma) (TSB+Ca 2+ /Mg 2+ ), TSB supplemented with 1 % (w/v) glucose (Merck) (TSB 1 %G), TSB 1 %G supplemented with 10 mM calcium chloride (Merck) and 10 mM magnesium chloride (Merck) (TSB 1 %G+Ca 2+ /Mg 2+ ), TSB with pH adjusted to 5.0 with hydrochloric acid (Merck) (TSB pH 5.0) or TSB 1 %G supplemented with 100 mM disodium hydrogen phosphate (Merck) (TSB 1 %G+HPO 4 2-).
Quantification of live bacteria and cultivable bacteria within biofilms. S. epidermidis biofilms were carefully washed twice with 1 ml PBS to remove planktonic cells in the culture supernatant. The biofilm was then mechanically disrupted in 1 ml PBS and the resulting cell suspension was transferred to a polystyrene tube and sonicated on ice, at 18 W for 10 s (Branson sonicator). This treatment eliminated bacterial aggregates since flow cytometric signals with high forward scatter (FSC) and high side scatter (SSC) (corresponding to bacterial clumps) were absent after sonication. Moreover, this treatment did not affect cell membrane permeability, as determined by propidium iodide (PI) incorporation (data not shown). After vortexing, the bacterial suspensions were serially diluted in PBS and plated on TSA for quantification of the number of culturable bacteria. For the quantification of the number of live bacteria by flow cytometry, 30 ml cell suspension was transferred to 270 ml PBS containing (5 mg ml
21
) PI (Sigma), SYBR-I (Invitrogen; 1 : 5000 commercial stock) and 3 ml fluorescent counting beads (Invitrogen). Bacterial quantification was carried out using a FACScan (Becton Dickinson) containing a low-power air-cooled 15 mW blue (488 nm) argon laser. Data were acquired using CellQuest software (Becton Dickinson) and analysed using Flowjo 7.2.5 software (Tree Star).
Glucose, lactate, pH, calcium and magnesium level measurement. Established biofilms grown for 24 h were allowed to grow for an additional 24 h in TSB or TSB 1 %G, as described above. At 3 h intervals, supernatant aliquots were removed, centrifuged at 20 800 g for 5 min at 4 uC and stored at 220 uC until use. Glucose and lactate concentrations were determined using commercially available quantification kits (R-Biopharm) ) with deionized water. For Ca 2+ measurement, lanthanum (0.5 %) was also added.
Mice. Male BALB/c mice 6-8 weeks of age were purchased from Charles River and kept at the animal facilities of the Institute Abel Salazar (ICBAS, Portugal) during the experiments. Hiding and nesting materials were provided for enrichment. Procedures involving mice were performed according to the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (ETS 123) and 86/609/EEC Directive and Portuguese rules (DL 129/92). Authorization to perform the experiments was issued by the competent national board (Direcção-Geral de Veterinária), document number 0420/000/000/2010.
Infection of murine bone-marrow-derived macrophage (BMDM) cell cultures. Mouse bone marrow cells were collected from femoral shafts by flushing with 3 ml cold RPMI 1640 (Sigma). Adherent bone marrow cells were removed by incubation in RPMI 1640 (Sigma) supplemented with 0.05 M 2-mercaptoethanol, 0.1 M HEPES buffer and 10 % FBS (PAA) at 37 uC for 6 h in a sterile Petri dish. The nonadherent bone marrow cells were then distributed in 96-well plates in RPMI supplemented with 10 % (v/v) L929-cell conditioned medium (LCCM) for 8 days. At day 3, 10 % (v/v) LCCM was added to the cultures and at day 6 the culture medium was replaced. At day 8, BMDMs were stimulated with RPMI containing 1610 4 live bacteria obtained from biofilms grown as indicated above. At 3 h intervals after BMDM challenge, 10 ml culture supernatant was removed and cultured on TSA plates to determine bacterial growth. At 9 h post-stimulation, the culture supernatants were removed and stored at 220 uC until use.
Evaluation of BMDM death following incubation with intact S. epidermidis biofilms. Intact S. epidermidis biofilms grown as noted before were washed twice with 1 ml RPMI and then 500 ml RPMI containing 5610 5 BMDMs was added. After 2 h incubation, BMDM and biofilm cells were resuspended in PBS, incubated with PI (5 mg ml 21 ) and BMDM death (PI + cells) was determined by flow cytometry.
Cytokine quantification. Tumour necrosis factor alpha (TNF-a), interleukin-1 (IL-1) and interleukin-6 (IL-6) were quantified using commercially available quantification kits (eBioscience) according to the manufacturer's instructions.
Murine intra-peritoneal infection. Mice were infected intraperitoneally with 0.5 ml sterile PBS or PBS containing 5610 5 live bacteria obtained from S. epidermidis biofilms grown as indicated. After 6 h, mice were sacrificed and the peritoneal cavity washed with 6 ml cold sterile PBS. Peritoneal exudates were centrifuged at 1200 g for 5 min and the pellets resuspended in 500 ml PBS containing 1 % BSA (Sigma) and 10 mM sodium azide (Sigma). The following mAbs were used for immunofluorescence cytometric analysis: fluorescein isothiocyanate (FITC) conjugated anti-mouse Ly-6G and Ly-6C (Gr1) (BD Pharmingen); phycoerythrin (PE) anti-mouse F4/80 (Biolegend); biotin-conjugated anti-mouse major histocompatibility complex ( Statistical analysis. Quantitative assays were compared using the one-way analysis of variance (ANOVA) test using SPSS software (IBM).
RESULTS AND DISCUSSION
Excess glucose induces dormancy in S. epidermidis biofilms A hallmark characteristic of biofilms is the presence of higher frequencies of dormant bacteria as compared with their respective exponential phase planktonic cultures (Brown et al., 1988) . In this study we evaluated whether excess glucose in the culture medium, often used to induce planktonic bacteria to establish a biofilm community in vitro (Mack et al., 1992) , could account for the induction of cell dormancy within S. epidermidis biofilms. Established biofilms were allowed to grow for an additional 24 h in TSB or TSB supplemented with 1 % of glucose (TSB 1 %G) and the proportions of dormant bacteria were then determined. According to published reports Shen et al., 2010; Shleeva et al., 2002) , dormancy within S. epidermidis biofilms was evaluated by the ratio of the number of culturable bacteria over the number of viable bacteria (c.f.u./viable bacteria). Flow cytometry was used to quantify the number of viable bacteria, using a LIVE/DEAD stain (Ben-Amor et al., 2005; Saegeman et al., 2007) , and the spread plate method was used to determine the number of culturable bacteria (c.f.u.) in the differently grown biofilms. As shown in Fig. 1(a) Effect of culture medium pH on S. epidermidis biofilm cell dormancy Excess glucose in the culture medium of Staphylococcus aureus (Rice et al., 2005) , Streptococcus mutans (Renye et al., 2004) or Lactococcus lactis (Cook & Russell, 1994) has already been shown to induce the accumulation of acidic compounds, with consequent decreases in the culture pH. Similarly, we found that biofilms grown in TSB 1 %G accumulated lactic acid in the culture supernatant over time (Fig. 1b) , which contributed to the detected decreases in the culture pH (Fig. 1c) . Since acidic pH conditions have been described as inhibiting bacterial growth (Wijtzes et al., 1995), we evaluated whether the accumulation of dormant bacteria within the TSB 1 %G grown biofilms (low ratio c.f.u./viable bacteria) was related to the decrease in culture pH. For that purpose, established biofilms were allowed to grow for an additional 24 h in TSB with an imposed acidic pH (TSB pH 5.0) or in TSB 1 %G with maintained pH conditions (TSB 1 %G+HPO 4 2-). We observed that biofilms grown in TSB pH 5.0 accumulated significantly higher amounts of dormant bacteria, when compared with biofilms grown in TSB only. However, buffering the accumulation of acidic compounds with hydrogen phosphate (TSB 
%G+HPO 4 2-
) prevented the glucose-dependent accumulation of dormant bacteria, when compared with biofilms grown in TSB 1 %G only (data not shown). These results suggest that low culture pH, a consequence of glucose metabolism and acid lactic accumulation, was responsible for inducing cell dormancy within S. epidermidis biofilms.
Effect of calcium and magnesium on the glucoseinduced cell dormancy
Published studies have shown that supplementation of the culture medium with calcium (Delavechia et al., 2003; Macció et al., 2002; Watkin et al., 1997) or magnesium (Piddington et al., 2000) prevented the pH-dependent inhibition of bacterial growth. We therefore supplemented both TSB and TSB 1 %G culture media with calcium (Ca 2+ ) and magnesium (Mg 2+ ), and evaluated their effect on the reported glucose-dependent cell dormancy. As shown in Fig. 2(a) , supplementation of the TSB 1 %G culture medium with Ca 2+ and Mg 2+ prevented the accumulation of VBNC bacteria. This effect was found to be dependent on the acidic culture conditions, since a less marked effect was observed in TSB cultures (Fig. 2a) . We further demonstrated that Ca 2+ and Mg 2+ did not interfere with the glucose metabolism since no differences were detected in glucose consumption (Fig. 2b) or lactic acid accumulation (Fig. 2c) 2+ and Mg 2+ on modulating the proportions of VBNC bacteria within S. epidermidis biofilms was also observed when the S. epidermidis strains PE9, M187, JI6 and IE86 were used (Fig. 2d) .
Murine macrophage activation
A published report showed that the shift from aerobic production of energy to fermentation in S. epidermidis was accompanied by a marked alteration in the bacterium's physiology, thought to induce the bacterium to enter a quiescent and less inflammatory mode of growth (Yao et al., 2005) . In agreement with this report, we showed an association between fermentation (lactic acid production) and the accumulation of VBNC (dormant) bacteria in TSB 1 %G grown biofilms. However, the novelty presented in this study concerning S. epidermidis biofilms was the ability to modulate the proportions of dormant bacteria with , to induce the production of pro-inflammatory cytokines by BMDMs. As shown in Fig. 3(a) , lower levels of TNF-a, IL-1 and IL-6 were detected in the supernatants of BMDM challenged with the inoculum containing higher proportions of VBNC bacteria (TSB 1 %G), as compared with the other inocula assessed. The above reported effect of Ca 2+ and Mg 2+ in preventing the glucose-induced cell dormancy was also shown to affect the extent of BMDM activation as higher cytokine levels were detected in culture supernatants of BMDMs challenged with the TSB 1 %G+Ca 2+ /Mg 2+ inoculum as compared with the TSB 1 %G inoculum (Fig. 3a) . We have also evaluated bacterial growth in the BMDM cultures infected with the different inocula. As shown in Fig. 3(b) , significantly lower numbers of c.f.u. were observed over time in the cultures challenged with the TSB 1 %G inoculum. This suggests an association between the observed differences in cytokine production and the reported differences in bacterial culturability.
We further attempted to evaluate cytokine production by BMDMs incubated with intact S. epidermidis biofilms. However, BMDMs were found to die rapidly when added to intact biofilms, preventing a significant accumulation of cytokines in culture supernatants. Nevertheless, evaluation of BMDM death, by assessing PI incorporation with flow cytometry, showed decreased cell death in BMDMs incubated with TSB 1 %G grown biofilms, as compared with the other biofilms assessed (Fig. 4) . This result further suggests that differences in the biofilm physiological state may lead to different interactions with host immune cells.
Macrophage activation was also assessed after intraperitoneal challenge with bacteria obtained from biofilms grown in TSB 1 %G or TSB 1 %G+Ca (Mayhew & Williams, 1973; Mordue & Sibley, 2003) (Ezekowitz & Gordon, 1982; Ezekowitz et al., 1981) . As shown in 
Concluding remarks
It is well established that environment plays an important role in modulating the biofilm physiological state (Stewart & Franklin, 2008) . Despite the difficulty in predicting the environmental conditions where infectious biofilms are grown, glucose in the oral cavity (Lemos et al., 2005) , blood (Croes et al., 2009) or peritoneal dialysis fluid (Dasgupta et al., 1988) make this carbon source an important factor in determining plaque biofilm development or biofilm establishment in intravascular or peritoneal dialysis catheters. In vitro, glucose is a wellknown stimulus inducing the biofilm mode of growth (Mack et al., 1992; Yao et al., 2005) , reinforcing the role of this carbon source in biofilm physiology. In this study we have shown that glucose indirectly modulates the S. epidermidis biofilm physiological state regarding the amounts of dormant bacteria. Moreover, we associate the dormant bacteria content of biofilm with its inflammatory potential as these cells were found to induce a lower macrophage activation. The herein reported modulation of the dormant bacteria content of biofilms highlights that the interaction of biofilms with the host immune response may depend on their physiological state. This, in turn, may account for the different clinical manifestations of biofilmassociated infections. 
